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Nuclear imaging data collected during the National Ignition Campaign (NIC) at the

National Ignition Facility (NIF) from Dec. 2011 through Aug 2012 are reported. The

data include the size and shape of the hot-spot and cold-fuel using images of neutrons

in the windows 13-17 MeV and 6-12 MeV respectively. The fuel configuration is

defined by Legendre polynomial fits of the contours at 17% of peak intensity. Volumes

are defined by the surface of revolution about the hohlruam axis using the fit contours.

The average fuel assembly near stagnation is characterized by a central hot oblate

spheroid of mean radius Phs
0 = 27.4µm, (σrms = 2.4 µm), with a mean polar deviation

of -4.4 µ, or Phs
2 /Phs

0 = -0.15 ((σrms = 0.16). X-ray self-emission images, as well as

simulated neutron images, show good agreement with the nuclear image data with:

PX−ray
0 = 27.3µm, (σX−rayrms = 2.6 µm), PX−ray

2 /PX−ray
0 = -0.09 ((σX−rayrms = 0.08), and

Psim
0 = 26.4µm, (σsimrms = 1.8 µm), with Psim

2 /Psim
0 = -0.01 ((σsimrms = 0.18). Surrounding

the hot-spot is a dense sphere of deuterium-tritium fuel with a mean radius of Pcf
0

= 41 µm (σrms = 3.9 µm), which is smaller than 2-D post-shot simulation values

of Pcf
0 = 45 µm (σrms = 2.8 µm). The image data, combined with other nuclear

data is used calculate a “geometric” down scattered neutron ratio. The geometric

down scatter ratio is on average 37% larger than time-of-flight measurements. The

mean post-shot simulated down scatter ratio is systematically larger 27% than data.

Preliminary studies indicate the down scattered rate differences are consistent with

significant deuterium-tritium mass, >∼ 20% of initial, outside the 17% of peak density

contour, due either to low mode mass asymmetry, or high mode mix at the ablator

ice interface.

PACS numbers: 29.25.-t,52.57.Fg,52.70.Nc56

a)gpgrim@lanl.gov
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I. INTRODUCTION57

The goal of indirectly driven inertial confinement fusion experiments at the National Ig-58

nition Facility (NIF) is to obtain thermonuclear ignition using a small mass, ∼ 170 µg, of59

hydrogen isotopes.1 The process begins with the 192 beam, 351 nm, NIF laser which illumi-60

nates a high-Z cavity (hohlraum) producing a flux of soft X-rays at a temperature of ∼29061

eV. These X-rays ablate the outer surface of a ∼2 mm diameter plastic shell, or ablator,62

containing a cryogenically formed deuterium-tritium ice shell on the inner surface, approxi-63

mately 70 µm thick. As the outside of the ablator is accelerated outwards, the balance of the64

mass recoils inward, compressing the remnant deuterium-tritium vapor, formed at the 19.865

K triple point prior to implosion. The assembly accelerates through a peak velocity of ∼30066

Km/s, before decelerating and stagnating, compressed by a factor of almost 30. The pdV67

work performed on the vapor raises the central temperature of the assembly to ∼ 3 keV, ini-68

tiating T(d,n)α reactions. The goal is to initiate a propagating a wave of fusion reactions in69

the surrounding dense deuterium-tritium shell via sustained heating through alpha-particle70

energy deposition. To optimize the experimental program, the National Ignition Campaign71

(NIC) was created with a defined set of goals, requirements, and experimental plans.2–472

During 2011, initial results from NIC experiments with cryogenically layered targets were73

published.5,674

Additional results from ignition experiments performed between December 2011 and Au-75

gust 2012 are reported here. The results focus on nuclear performance with emphasis on76

the shape of the implosion using the neutron imaging diagnostic.7–10 Rather than focus on77

detailed analysis of one or two specific shots, as reported by Cerjan11, we report on the av-78

erages and trends of the 2012 data set. In section II we briefly describe the neutron imaging79

technique, including image formation, and reconstruction. In section III we describe the80

simple geometric model of the fuel assembly using the neutron imaging data and define the81

geometric down scatter ratio. In section IV we report on the fuel assembly geometry data82

from 2012 ignition experiments and compare these to post-shot simulations. A summary of83

the results and conclusions of these studies is presented in section V.84
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II. NEUTRON IMAGING85

A. Overview86

Detailed aspects of the development and implementation of the NIF neutron imaging87

diagnostic has been documented in a number publications7–10. Presented is a brief overview88

of the system.89

B. Image Formation90

The primary task of the NIF neutron image diagnostic is to produce 2-D images of91

where neutrons are produced and scattered within the deuterium-tritium volume of layered92

cryogenic implosions at the the NIF. The original specifications12 for the system require93

two neutron images, one of neutrons with a kinetic energies in the range 13.5 to14.5 MeV,94

the primary neutron image, and one with neutron energies in the range 6 to 10 MeV, the95

scattered neutron image. Further, images must be collected at primary yields of 1E1596

neutrons with a “point resolution” no worse than 15 µm.97

To achieve these goals the system was designed with a compound aperture, a “grand98

array13” of 20 pinholes combined with 3 penumbral apertures. The apertures are formed in99

20 cm long gold foils, that are supported by faced tungsten plates to provide mechanical100

stability.14 To address the competing requirements of manufacturability and image perfor-101

mance, the pinholes were made using a triangular cross section. The average diameter of102

the pinholes for 14 MeV neutrons is 19 µm. To accommodate a field of view that is twice103

the source size, the front of the aperture body is located 32.5 cm from the target. The grand104

array of pinholes focuses to a point 26.5 cm in front of the aperture, providing tolerance to105

pinhole array misalignment.106

Fig 1 shows the neutron imaging system detector, housed outside the NIF building, in107

an “annex” constructed to support the diagnostic. Neutrons enter the annex from the108

upper left, through the final line-of-site collimator. The neutrons then pass through a109

pair of neutron time-of-flight “paddle detectors,” where measurements of ion temperature,110

yield, and spectral, or scatter rate measurements, are made. Subsequently, the neutrons are111

detected in a 5 cm long by 16 × 16 cm2 organic scintillator, constructed from a coherent112

array of 250 µm diameter scintillating fibers. Recoil lengths of elastically scattered protons113
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FIG. 1: The detector system for the NIF neutron imaging diagnostic. Neutron exit the

collimated line-of-site in the upper left, pass through the time-of-flight paddles, and are

imaged in the scintillating fiber array, indicated by the arrows.

can extend several millimeters in the scintillator, thus the imaging scintillator mid-plane is114

positioned 2802.5 cm from the target providing a system magnification of 85.2 for a pinhole115

images, and resulting in a recording system resolution of 14.5 µm at the target plane. To116

capture two images, light from each end of the fiber array is collected and optically relayed117

to CCD camera systems where it is digitized. Each optical relay leg includes electro-optic118

shuttering using micro channel plate image intensifiers (MCPII) to record images of neutrons119

with different kinetic energies. In the data reported below, neutrons are typically collected120

in energy bands from 13-17 MeV, primary neutron images, and 6-12 MeV, scattered neutron121

images. The energy gate change from the original system requirements do not affect the122

primary data interpretation goals for these two images, but allow wider gates that provide123

better camera system performance.124

C. Image Processing125

To prepare the data for physics analysis, images must be corrected for both instrument126

and image formation effects. Correction for instrument effects, include electronic pedestal127

subtraction and star removal, as well as position dependent sensitivity corrections (flat-128
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field) and spatial dewarpring of the image field. The image data from the two cameras129

are absolutely registered to a precision of ±2.5 µm at the object plane. To correct for the130

residual primary image still present during the scattered image gate, 1.4% of the primary131

image is subtracted from the scattered image. Long range blur, i.e. light outside the images132

produced by multiply scattered neutrons, is subtracted using a fit to the inter-aperture light133

field, assuming the blur source originates from neutrons passing through the penumbral134

apertures.135

After instrument and image formation corrections are applied, the array of images are136

analyzed to determine the position of the source relative to each aperture centerline. The137

set of pinholes most closely pointed to the source are input to an Expectation Maximization138

algorithm.15–17 The algorithm corrects for the non-stationary aperture point spread function,139

as well as filtering the image to reduce high frequency noise in the object field.140

The NIF neutron imaging diagnostic has been under development for many years, with141

formal work dating to 2005.8 During this time a wide range of experimental and computer142

simulation studies have been performed to define and quantify the NIF neutron imaging143

system resolution. In previous work9 the system point resolution, accounting for image144

formation and inversion at NIF relevant signals levels was determined to be 18 µm.145

III. FUEL ASSEMBLY DESCRIPTION146

As mentioned, the primary imaging task is to determine where neutrons are produced147

and scattered within the deuterium-tritium fuel. The goal is to create a simple model of the148

fuel assembly near stagnation, illustrated in Fig. 2a. By creating a 3-D model, it is possi-149

ble to infer, volumes, densities, pressures, etc. and to thereby evaluate the hydrodynamic150

performance of the experiment, c.f the work of Cerjan and Springer.11 In this model two151

characteristic regions are identified, the central hot (∼ 2-4 keV) core where fusion reactions152

occur, and the surrounding cold, dense deuterium-tritium shell, the main fuel payload and153

scattering source within the assembly. To create this model of the fuel assembly from the154

2-D images distributions, surfaces of revolution, defined by contours of constant signal in-155

tensity are constructed. The NIF neutron imaging system views the imploded capsule in156

the equatorial plane, orthogonal to the hohlraum axis, as illustrated in Fig. 2b, therefore157

this axis is the center of revolution for volume construction.158
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(a) Model (b) Imaging lines-of-site

FIG. 2: Fig. 2a illustrates the simple 3-D fuel model to describe the source volumes for the

neutron image data. Fig. 2b illustrates the geometry of the experiment, the axis symmetry

defined by the hohlraum, and the imaging lines of site for neutrons and X-rays.

A. The 17% contour159

In image analyses at the NIF, it is common practice to define the lateral extent of a160

volume by a contour of constant signal intensity. For historical reasons, the contour used at161

17% of peak signal intensity is the primary contour used. This contour is sufficiently weak162

to accurately represent the lateral extent of the source, but strong enough to be distinct163

from random noise outside the source. This choice is further motivated by noting that for164

a spherical source of radius R0 and constant emissivity, the 1-D Abel transform is given165

by, 2
√
R2

0 − r2. The lateral extent of this function at 17% of the peak amplitude, measures166

98.5% of R0, an adequate measure of extent. For the scattered neutron image, where no167

simple analytic image formation expression is available, simulated images using transport168

Monte Carlo tools,18–20 indicate the 17% contour also accurately represents the lateral extent169

of the dense shell.170

1. Legendre Polynomial Fit171

To simplify the mathematical representation of the contour, a finite Legendre polynomial172

expansion, c.f. Eqn. 1, is used, where θ is the polar angle in the plane orthogonal the173
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(a) 17% Contour (b) Contour sampling (c) Resulting fit

FIG. 3: Illustration of contour fitting with finite resolution. Fig. 3a shows the 17% of peak

contour, Fig. 3b, the contour is sampled with independent measures of the radial positions

as a function of θ, and Fig. 3c shows the results of the fit using the first two even modes of

the Legendre polynomial expansion.

neutron imaging line-of-site, and Pl is the lth coefficient of the Legendre polynomial Ll.174

r17%(θ) =
L∑
l=0

Pl · Ll(θ) (1)

For the neutron imaging system the fit is performed out to mode 6, i.e. L = 6, with the175

constraint that P1 = 0, which determines the location of the contour center. The process of176

the fit is illustrated in Fig. 3. Fig. 3a shows the 17% of peak contour identified on a sample177

image. One possible set of independent samples of the contour radius as a function of θ, are178

shown in 3b. The samples are independent if they are separated by the system resolution ∆.179

Each sample generates a radial measurement from the position that eliminates P1. Because180

of the finite resolution of the system ∆, the independent samples are taken discrete angles181

θi. Fig.3c shows the results of a typical fit of the Legendre polynomial expansion, with the182

first two even modes illustrated. The parameter P0 is the mean radius of the contour, and183

P2, is the deviation from this mean radius along the polar direction, or θ = 0, direction. A184

negative P2 is smaller han the mean radius along the polar (θ = 0) direction.185186

2. Accuracy of Legendre Coefficients187

This conceptual exercise allows for a simple estimate of fit parameter accuracy. To188

estimate the P0 accuracy, a contour is represented by the function r(θ) = P0+P2 ·L2(θ), with189
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FIG. 4: Distribution of P0 fit values from a replicate trials study.

a point resolution of ∆, the number of independent samples of this contour is approximated190

by the expression:191

Nsamp ≈
2π
√

(P0+P2)2+(P0−P2/2)2

2

∆
(2)

Letting ∆ represent the full width at half maximum of a Gaussian distributed error on the192

radial measurement, then accuracy of measurement of P0 is estimated by:193

δP0 =
∆

2
√

2 ln 2(Nsamp − 1)
(3)

For the NIF neutron imaging system, this implies that a contour with P0 = 30 µm, results194

in 10 independent samples of the mean radius, assuming an 18 µm resolution element. The195

resulting accuracy of the P0 measurement is ≈ 2.5 µm. This estimate is in good agreement196

with replicate trials studies, where contours of constant intensity are generated at a variety197

of different P0 and P2 values. These contours are randomly sampled with resolution size198

∆ and fit to the Legendre polynomial expansion using a least squares fitting algorithm.199

An example distribution of the resulting fits is illustrated in Fig 4. A gaussian fit to the200

ensemble of trials gives an estimate of δP0 of 2.5 µm.201202

B. Stagnation state variables203

Using the surfaces derived from the revolved contours, volumes are calculated for the204

two regions. Assuming an isobaric configuration, it is possible to infer key state variables of205

the fuel assembly, including, density, pressure, and adiabat. Detailed modeling of the fuel206

assembly to infer pressure and adiabatic is described elsewhere11. In this work we focus on207
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calculating the geometry and density of the assembly, and from that the scattering rate, or208

down scatter ratio of the assembly.209

1. Density210

The density of the deuterium-tritium volume producing the primary neutron yield, is211

calculated by inverting the yield equation:212

Yn = n2
dt〈σv̄〉τrhVhs ⇒ ndt =

√
Yn

〈σv̄〉τrhVhs
(4)

where Yn is the total fusion yield, ndt is the number density of pairs of deuterium-tritium ions213

(equimolar initial conditions) in units of cm−3, 〈σv̄〉 is the velocity averaged cross section214

in units of cm3/s, and Vhs is the hot-spot volume in units of cm3. In ignition experiments215

at the NIF, neutron yields are often quoted as the number of neutrons in the energy range216

from 13-15 MeV, which is lower than the fusion yield, due to scattering in the dense shell,217

and therefore must be corrected by the measured down scatter rate.218

The density of the deuterium-tritium shell surrounding the hot-spot, is calculated by219

assuming the balance of the initial mass resides inside the dense shell surrounding the volume220

producing the primary neutron, thus221

ρcf =
M init

DT − ρhsVhs
Vcf

, (5)

where, M init
DT is the initial deuterium-tritium mass in the capsule, ∼ 170 µg, ρhs and Vhs are222

the hot-spot density and volume, respectively, and Vcf is the cold fuel volume.223

2. Geometric Down Scattered Ratio224

Assuming uniform density within each volume, the above geometry and density allow225

calculation of the neutron scattering rate within the fuel assembly. Fig. 5 illustrates the226

simplified fuel configuration used to calculate this rate. The assembly has been simplified to227

two concentric spheres defined by the radii, Rhs ≡ Phs
0 , where fusion neutrons are born, and228

Rcf ≡ Pcf
0 , the dense deuterium-tritium shell where most neutrons scatter. The densities229

of these two volumes are nhs, and ncf respectively. The lines shown illustrate how the how230

the fuel volume is sampled by scattered neutrons. For a detector located at a large distance231
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(a) Fuel regions and neutron paths. (b) Chordal paths

FIG. 5: Graphical representation of how geometric down scatter ratio is calculated. See

text for full description.

from the assembly, neutrons that scatter at a specific angle and into the detector acceptance232

were born as neutrons traveling to the right along the dashed parallel lines through the233

hot-spot. The neutrons may scatter at the angle θ, at any point along either the dashed line234

through the hot-spot, or along the solid line within the cold-fuel. The energy of the scattered235

neutron will be determined by the scattering process and the mass of the scattering center.236

At the NIF, the down scatter ratio is calculated using the flux of neutrons between 10 to 12237

MeV, where only elastic scattering from deuterium and tritium need be considered, and the238

corresponding scattered neutron energy is calculated using:239

E ′n =
14.1MeV

(A+ 1)2
(cos θ + [A2 − sin2 θ]1/2)2 (6)

where A is the mass of the deuterium, or tritium scattering center.240

For a radial path through the equimolar deuterium-tritium fuel assembly, the ratio of the241

scattered neutron flux in the 10 to 12 MeV band to the un-collided flux is given by:242

Φ10−12
coll

Φunc

= α10−12
(

exp
{
NAσ̄dt
M̄dt

(ρcf∆Rcf + ρhsRhs)
}
− 1

)
(7)

where, NA is Avogadro’s number, M̄dt is the average molar mass of a deuterium and tritium243

ion, σ̄dt is the average elastic scattering cross section of a 14.1 MeV neutron off of deuterium244

and tritium ( = 0.77 b), ρcf and ρhs are the gram densities of the cold-fuel and hot spot245

respectively, Rhs is the hot spot radius, ∆Rcf is the thickness of the cold fuel along the246

radial, and finally, α10−12 is the fraction of scattered neutrons in the 10 to 12 MeV band,247
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e.g.:248

α10−12 =

∫ 12
10 dE

dσ
dE∫

dE dσ
dE

(8)

= 0.239 (9)

Due to the relatively small fraction of scattered neutrons in the energy range between249

13 to 15 MeV, the uncollided flux may be approximated by this energy band, and thus the250

down-scattered ratio (DSR) is defined as:251

DSR(10− 12) =
Φ10−12
coll

Φ13−15 ≈
Φ10−12
coll

Φunc

. (10)

As can be seen in Fig. 5, a finite size hot-spot will generate non-radial contributions252

to the detected flux, which isn’t included in Eqn. 7 above. To address this, Eqn. 7 is253

generalized to the mean chordal path, through the fuel assembly, R̄hs + ∆R̄cf , which occurs254

at the mean apothem x0, in Fig. 5b. The mean apothem is the density and path length255

weighted average of apothem across the hot-spot i.e.:256

x̄0 =

∫ Rhs
0 dxx

(
nhs

√
R2
hs − x2 + ncf

(√
R2
cf − x2 −

√
R2
hs − x2

))
∫ Rhs
0 dx

(
nhs

√
R2
hs − x2 + ncf

(√
R2
cf − x2 −

√
R2
hs − x2

)) , (11)

which reduces to:257

x̄0 =
4
(
R3
cf −

(
R2
cf −R2

hs

)3/2
−R3

hs

(
1− nhs

ncf

))
6
(
Rhs

√
R2
cf −R2

hs +R2
cf sin−1 (Rhs/Rcf )

)
− 3πR2

hs

(
1− nhs

ncf

) . (12)

From this the mean chordal path lengths may be calculated:258

R̄hs =
√
R2
hs − x̄20, (13)

R̄cf =
√
R2
cf − x̄20 −

√
R2
hs − x̄20. (14)

Fig. 6 illustrates the accuracy of the geometric down scatter ratio formula. A series of259

static fuel assemblies with varying radii, asymmetries, and densities, were simulated using260

MCNP,18 a general purpose neutron transport Monte Carlo package. The figure horizontal261

axis is the ratio of the neutrons tallied in the 10 to 12 MeV range to the 13-15 MeV range, at262

a position outside the fuel assembly, simulating a NIF neutron time-of-flight type of detector.263

The vertical axis is the geometric DSR, using the fuel geometry and density configuration264

that was simulated. The number of histories generated were large enough that the tally265

error bars are smaller than the data marker. The red, y = x line, illustrates good agreement266

between the geometric formula and the tallied ratio over the range of down scatter values267

typically observed in ignition experiments at the NIF.268269
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FIG. 6: Comparison of the geometric down scatter ratio formula with the simulated ratio,

calculated from neutron tallies using MCNP.

(a) Shot N111215: Phs
0 = 28 ± 3 µm,

Phs
2 /Phs

0 = -29 ± 6 %

(b) Shot N120321: Phs
0 = 26 ± 3 µm,

Phs
2 /Phs

0 = -10 ± 6 %

(c) Shot N120405: Phs
0 = 27 ± 3 µm,

Phs
2 /Phs

0 = 4 ± 6 %

FIG. 7: Gallery of primary (13-17 MeV) neutron images from layered cryogenic implosions

between Dec. 2011 and Aug. 2012.

IV. 2012 IGNITION EXPERIMENT DATA270

A. The Primary Neutron Image271

As described previously,9,10 images of primary neutrons produced by deuterium-tritium272

fusion reactions are collected by correlating the electro-optic shutter, between the scintillator273

and digitizer to coincide with the arrival time of 14.1 MeV neutrons. Specifically, the primary274

camera collects images of neutrons between 13 and 17 MeV, a gate width of 70 ns, starting275

498 ns after bang time. Fig. 7 shows a gallery of neutron images collected during the 2012276

ignition campaign. The size of a pixel in these images is 4 µm. The gallery exemplifies277
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(a) Primary Phs
0 (b) Primary Phs

2 /Phs
0

FIG. 8: Primary neutron image data from ignition experiments between Dec. 2011 and

Aug. 2012 as well as post-shot simulations. Fig. 8a shows the mean radius of the

measured primary neutron image, while Fig. 8b shows the measured relative deviation

from the mean radius along the polar direction.

the range of sizes and shapes collected to date. Given the current understanding of the278

diagnostic, results are reported on the first two non-zero modes of the Legendre polynomial279

fit to the contour at 17% of peak intensity.280

Fig. 8a shows the summary of the hot-spot Phs
0 data, along with the corresponding281

mean radii from post-shot simulated neutron images. Data values are indicated by the blue282

(online) circles, while simulation values are indicated by red (online) squares. The values283

of Phs
0 vary from 23.8 µ to 33.5 µm, with a mean of 27.4 µm, and a standard deviation284

of 2.4 µm. The error on an individual measurement is ∼3-4 µm, with contributing factors285

including: statistics, system resolution, aperture manufacturing, aperture pointing, and286

inversion algorithm systematics10,21. Fig. 8b shows the summary of the hot-spot shape287

measurements, expressed as the ratio, Phs
2 /Phs

0 . The values of Phs
2 /Phs

0 range between -0.37288

and 0.21, with a mean value of -0.15 with a standard deviation of 0.21. Thus, the hot spot289

volume of a typical implosion in 2012 may be characterized by an oblate spheroid with a290

mean radius of 27.4 µm, and a radial deviation along the pole of -15%, or 4.4 µm.291

Time integrated X-ray images, filtered to energies above ∼ 9 keV, were also collected292

on this data set. Hard X-rays images indicate where the fuel assembly is hot, and should293

be produce data consistent with the neutron image size and shape. As illustrated in Fig.294

2b, equatorial X-ray images are collected along on a different line of sight, rotated 123◦295
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around the hohlraum axis from the neutron image, and thus projected asymmetries induce296

slight scatter in direct, shot-to-shot comparisons of Phs
0 and Phs

2 values. On average, the297

X-ray image PX−ray
0 is observed to be 27.3 µm, with 2.6 µm rms scatter, and the average298

PX−ray
2 /PX−ray

0 is observed to be -0.09 with an rms of 0.08, showing very good agreement299

with neutron image data.300

As indicated by the red (online) squares in Fig. 8a, synthetic primary neutron images301

were generated for comparison with data. Synthetic neutron images from different meth-302

ods of simulating implosions have been generated, including capsule only simulations,22 as303

well as 2-D integrated hohlraum and capsule simulations.23 The simulated images included304

here were generated by post-processing 2-D integrated hohlraum calculations, where the305

radiation drive seen by the capsule was tuned to match shock speed data from shock-timing306

experiments24, radius vs. time data from convergent ablator experiments25,26, and bang-time307

data from cryogenically layered dueterium-tritium implosions5,6,11.308

Neutrons produced during the implosion are post-processed using a tool developed by309

Wilson27 et al. that performs a 3-D Monte Carlo transport through the volume generated310

by revolving the 2-D mesh around the axis of symmetry. As the neutron exits the mesh, its311

position and direction are used to calculate the impact parameter in the plane orthogonal to312

the velocity. The resulting impact parameter image represents the Abel transformed source313

distribution. This 2-D distribution is further smoothed by a 10 µm Gaussian blur function to314

simulate a detector response. The tallies my be binned in energy to provide synthetic images315

of both the primary and scattered neutrons. Studies of these simulated scattered images316

have shown that the both the 10-12 MeV and 6-12 MeV energy images produce comparable317

contours of constant signal intensity and these agree well with the corresponding contours318

in density space. Further, the 17% of peak intensity contour represents a good estimate of319

the dense shell lateral extent. As can be seen in Fig. 8a, the simulation results show good320

agreement with the data, having a mean radius of Phs
0 = 26.4 µm, and standard deviation321

of 1.8 µm. On average the simulated images are symmetric with a Phs
2 /Phs

0 = 0.01, and a322

standard deviation of 0.18.323
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(a) Shot N111215: Pcf
0 = 43 ± 6 µm,

Pcf
2 /Pcf

0 = -1 ± 6 % (10-12 MeV)

(b) Shot N120321: Pcf
0 = 35 ± 5 µm,

Pcf
2 /Pcf

0 = 1 ± 6 %

(c) Shot N120405: Pcf
0 = 43 ± 3 µm,

Pcf
2 /Pcf

0 = 12 ± 6 %

FIG. 9: Gallery of scattered neutron images from layered cryogenic implosions between

Dec. 2011 and Aug. 2012.

B. The Cold-fuel Image324

Images of neutrons scattered to energies lower than 14.1 MeV are collected in a second325

camera system viewing the scintillator with its electro-optic shutter timed to coincide with326

neutrons in the 6-12 MeV energy window, except for shot N111215, which used a 10-12 MeV327

gate. For the 6-12 MeV image, this corresponds to a gate width of 241 ns starting 590 ns after328

bang time, and for 10-12 MeV the gate narrows to 55 ns. Simultaneous images with both329

cameras of a deuterium-tritium filled exploding pusher type capsule indicate that scattered330

images must be scaled in size by 6% to correct for a previously undetected magnification331

difference between the two camera systems. Fig. 9 shows a gallery of scattered neutron332

images, representing the range of sizes and shapes collected during 2012. As expected the333

scattered images are larger than the primary images, due to the dense deuterium-tritium334

volume surrounding the hot-spot. Further, absolute registration of the primary and scattered335

images shows that 17% contours of the two image are concentric with each other to a336

precision of ± 2.5 µm.337

Fig. 10 shows a summary of the Pcf
0 and Pcf

2 measurements of this data set along with338

results of post-shot simulations of these experiments. Data values are indicated by the blue339

circles, while simulation values are indicated by red squares. Fig. 10a illustrates the variation340

of Pcf
0 across the data set, with a minimum Pcf

0 of 35 µm and a maximum of 46.6 µm. The341

mean Pcf
0 value is 41 µm, with an rms scatter of 3.9 µm in the data. The error on an342
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(a) Scattered Image Pcf
0 (b) Scattered Image Pcf

2 /Pcf
0

FIG. 10: Scattered neutron image data from ignition experiments between Dec. 2011 and

Aug. 2012 as well as potshot simulations. Fig. 10a shows the mean radius of the measured

scattered neutron image, while Fig. 10b shows the measured relative deviation from the

mean radius along the polar direction.

individual measurement is ∼5-6µm, depending on yield and with similar error contributions343

as the primary image. Fig. 10b shows the variation of the scattered image Pcf
2 /Pcf

0 in this344

data set. Similar to the primary image, the scattered image Pcf
2 /Pcf

0 varies from -0.31 to 0.2,345

but unlike the primary image, the mean value is -0.01 with an rms scatter of 0.11. Thus, in a346

typical 2012 layered implosion the volume of the deuterium-tritium payload near stagnation347

may reasonably be described as being contained within a sphere of radius 41 µm.348

As mentioned, the red squares in Fig. 10a are the Pcf
0 values from simulated images349

described above. The values range from a minimum of 39 µm to a maximum of 50 µm, with350

a mean value of 45 µm and an rms scatter of 2.8 µm. Although the simulated image sizes351

typically fall within an error bar of the data values, there is a clear systematic shift between352

the simulated scattered images sizes and the data. One possible explanation could be a353

systematic underestimate of the image size to due image statistics. Empirical characteri-354

zation of the camera system, using image data from low yield implosions, e.g cryogenically355

layered tritium-hydrogen-deterium(2% at.)4 capsules, as well as measured camera relative356

sensitivities, scintillator energy sensitivities, and estimates of scattering rates within the357

fuel assembly indicate the lateral extent of a cold fuel assembly with uniform density should358

be sufficiently sampled to produce a significant image at primary yields of >∼ 1.0-1.5E14359
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FIG. 11: Average scattered image P0 within bins of neutron yield (13 -15 MeV). The red

dashed line indicate the global average of 41 µm.

neutrons in the energy window from 13-15 MeV.360361

Fig. 11 shows the variation of the scattered image Pcf
0 as a function of yield. The data362

in Fig. 10a has been averaged within the indicated energy bins, with at least three data363

points per bin. The error bars represent the rms scatter of the Pcf
0 data within each bin.364

The red dashed line indicate the average value of 41 µm. These independent subsampled365

data points are consisted with the ensemble average and the hypothesis that the radius is366

not systematically underestimated due to statistics.367

C. Dense Shell Geometry368

In this simplified concentric shell model of the fuel assembly, the dense deuterium-tritium369

layer resides just outside the oblate spheroid defined by the hot-spot image and inside the370

sphere that is defined by the scattered fuel image. This volume may characterized by a mean371

thickness, T0, and fractional deviation along the pole, T2/T0 = (Pcf
2 - Phs

2 )/(Pcf
0 - Phs

0 ). Fig.372

12 shows the T0 and T2/T0 data from 2012. Inferred shell thickness varies from a T0 of 7 µm373

up to a maximum of 18.7 µm. The mean thickness across this data set is 13.6 µm, with an374

rms scatter across data of 3.9 µm. Because of the systematically oblate hot-spot, the shell375

thickness is systematically prolate with T2/T0 = 0.27 and σrms = 0.34. The consequence376

of the prolate shell is to effect a differential attenuation of the radial 14.1 MeV neutron377

flux between the pole the equator. The ratio of the polar to equatorial uncollided radial378

flux is given (1-T2/(2T0))/(1+T2/T0) = 0.67 for the typical fuel assembly above, which is379

consistent with nuclear activation diagnostic measurements.28380
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(a) Shell thickness: T0 (b) Shell asymmetry: T2/T0

FIG. 12: Dense deuterium-tritium shell geometry created by taking the difference between

the Legendre polynomial expansion of the scattered image and hot spot image 17% of peak

intensity contours.

FIG. 13: Down scatter ratio data for layered cryogenic implosions. Blue circles are neutron

time-of-flight measurements using a detector in front of the neutron imaging line-of-site,

green diamonds are the inferred ratio using geometry data from the neutron imaging

diagnostic, and the red squares are the results of 2-D integrated hohlraum simulations.

D. Geometric Downscattered Ratio381

As described in section III B 2, the above geometry data may used to infer a geometric382

down scatter ratio based on the assumption that the deuterium-tritium fuel is uniformly383

distributed within the volumes calculated. The density of each region of the fuel assembly,384

hot-spot, and dense shell, is calculated using the initial deuterium-tritium mass, and the385

nuclear data for each shot, e.g., Yield, Tion, and τrh, or gamma burn history. The inferred386
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geometric down scatter ratio data are shown in Fig. 13, indicated by the green diamonds.387

Also plotted in the figure are the time-of-flight down scatter ratio measurements, blue circles,388

using the NIToF detector which views the same neutron flux as the imager, as well as389

simulated down scattered ratios, red squares, using the post-shot simulations described390

previously. Although the geometric down scatter data trend with the time-of-flight data,391

they show a systematic excess over the time-of-flight data of 37%, with an rms variation392

of 25%. On average, the simulated neutron time-of-flight down scatter ratios show slightly393

better agreement with data, than the geometric results, but these too show a systematic394

excess of 27%.395

Based on the simple model of the fuel assembly, there are three simple ways to ameliorate396

the discrepancy above: 1) increase the outer radius of the dense shell, 2) reduce the mass397

in the shell volume, or 3) a combination of both 1) and 2). For the inferred geometric data,398

the scattered image Pcf
0 would need to increase 23.4%, or 9.6 µm, on average, to eliminate399

the discrepancy. This represents a ∼ 2σ systematic shift in the size of the image and400

as discussed above is inconsistent with the current understanding of system performance.401

Reducing the mass within the cold-fuel shell by 23.5% will also eliminate the discrepancy402

between the data and the geometric down scatter ratio, though this represents a significant403

fraction of the fuel assembly, close to 40 µg. Initial studies using 2-D Hydra simulations404

have indicated several possible means by which mass may be moved outside the 17% of peak405

density contour, which has been shown to give good agreement with the scatter neutron406

image contour. Low mode mass asymmetries, due to asymmetric drive conditions, generate407

density gradients that will leave the 17% contour in the same location as the uniform density408

configuration, but move as much as 20% of the dense deuterium-tritium mass outside this409

volume. In addition, simulations with high mode 2-D mix at the ablator-fuel interface impart410

a similar effect, moving as much as 50% of the mass outside the 17% of peak contour. In411

3-D, correspondingly smaller growth factors are needed to produce the same effect. An412

observed by product of this interface mix in simulated neutrons images is hot-spot shape413

(Phs
2 /Phs

0 ) variability on the scale of 10%, which is consistent with observed variations in414

the data. More simulation studies and experimental data are required to establish a firm415

understanding of the source of the scattering rate discrepancy, but leading causes have been416

identified and will continue to be explored.417
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V. SUMMARY418

The neutron imaging system has shown itself to be a capable and productive diagnos-419

tic tool for understanding the performance of ignition experiments at the NIF. The system420

routinely produces high quality neutron images of where 14.1 MeV neutrons are born and421

scattered in imploded deuterium-tritium fuel assemblies. Primary neutron images have been422

collected at yields as low as 9E12, and both primary and scattered (6-12 MeV) neutron im-423

ages have been collected on 17 cryogenically layered deuterium-tritium ignition experiments424

during the period from Dec. 2011 and Aug. 2012. Data from the neutron image diagnostic425

has been used to create a simple 3-D model of the compressed fuel assembly by rotating the426

17% of peak intensity contour of both the images about the hohlraum axis. The resulting427

volumes show a typical ignition implosion produces a hot-spot that is characterized by an428

oblate spheroid with mean a radius of Phs
0 = 27.4µm, (σrms = 2.4 µm, and a polar deviation429

from the mean of Phs
2 /Phs

0 of -15%, (σrms = 0.16). X-ray images have a mean radius of430

Phs
0 = 27.4µm, (σrms = 2.4 µm, and a polar deviation of Phs

2 /Phs
0 of -0.11, (σrms = 0.16)431

showing excellent agreement with the neutron image data. Post-shot simulations, using in-432

tegrated holhraum calculations, post-processed to generate synthetic neutron images, show433

good agreement with mean radius, Phs
0 = 26.4µm, (σrms = 1.8 µm), but tend to produce434

a symmetric implosions with Phs
2 /Phs

0 of -0.01, (σrms = 0.18). The corresponding scattered435

image generates an outer bounding surface for the fuel assembly that may be characterized436

by a sphere of radius Pcf
0 = 41 µm, σrms = 3.9 µm, and Pcf

2 /Pcf
0 of -0.01, (σrms = 0.11).437

Simulated scattered image data are 10% larger, with P cf
0 = 45 µm, σrms = 2.8 µm, and438

Pcf
2 /Pcf

0 of -0.03, (σrms = 0.10).439

The volume between these two surfaces, where the balance of the deuterium-tritium mass440

is located, is characterized by a shell with mean thickness T0 = 13.6 µm, σrms = 3.5 µm, and441

a polar deviation of T2/T0 of 0.28, σrms = 0.33. Under the assumptions of a uniform density442

of deuterium and tritium in the shell volume, the hot-spot asymmetry will result in a radial443

polar flux to radial equatorial flux of 0.67, resulting in an asymmetric yield distribution. In444

addition, a simple concentric shell model may be used conjunction with other burn produced445

data and the assumption of fuel mass conservation to estimate the expected scattering rate446

from the assembly. This geometric based estimate of the neutron scattering rate within the447

fuel assembly is calculated to be 37% larger, on average than that observed by time-of-flight448

22



detectors observing the same neutron flux. The shot-to-shot rms variation of this value is449

calculated to be 25%. The simulations used to produce the neutron image data predict a450

scattering rate that is 27% larger than observed in the data, with an rms value of 14%.451

Simulation studies have shown that the discrepancy between the geometric and simulated452

down scatter ratios may be explained by either low mode mass asymmetries with the fuel453

assembly, or possibly high mode mix at the ablator fuel interface. Further studies on these454

effect are underway.455
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